We studied the potential for bacterial catalysis of Mn(II), Co(H), and Fe(III) precipitation at the 02/H2S interfaces in Saanich Inlet, British Columbia, and in Framvaren Fjord, Norway. In Saanich Inlet the interface is below the photic zone, but in Framvaren Fjord it is within the region of significant light penetration. Biological catalysis of metal removal was measured as the binding of radioactive isotopes as a function of time in the presence and absence of poisons which do not measurably interfere with the solution chemistry of manganese. In a region just above the oxic/ anoxic interface in Saanich Inlet, the binding of Co(I1) and Mn(I1) was inhibited by the bacterial poisons, but Fe(III) precipitation was not. Measurements of the oxidation state of the particulate material indicated a slightly higher Mn(IV):Mn(II) ratio in the region of dissolved Mn(B) precipitation, confirming that manganese was being oxidized and not simply bound, In both fjords, binding was either stronger or more rapid under air saturation than under conditions of oxygen limitation, suggesting that O2 is the electron acceptor during manganese oxidation. In Framvaren 
In physically stable environments with high organic matter influx, redox gradients commonly develop when the net addition or removal of a redox-sensitive component is faster than homogenization by mixing. In the marine environment, such gradients are usually seen in sediments, where the flux of organic carbon is sufficient to result in oxygen depletion, primarily due to oxygen-consuming microorganisms.
In the absence of oxygen, sulfate reduction can occur, resulting in the establishment of an oxygen/sulfide "interface" of the kind often found in sediments in nearshore areas and on continental shelves. In some marine waters such as basins, fjords, and certain seas where water circulation is restricted, similar redox interfaces occur in the water column. Characterization of these stratified environments by geochemists has resulted in a general scheme for the inorganic chemical gradients across the interface (Fig. 1) .
Biologically the interfaces are characterized by specific populations of bacteria that catalyze redox transformations of certain elements. Oxidative transformations of inorganic species are usually performed by chemo-or photolithotrophic bacteria, while reduction is primarily due to heterotrophic organisms. In natural environments the activities of these organisms have rarely been measured; however, the rates of oxidation or reduction can sometimes be calculated if the diffusive properties and source concentrations are known. When these rates are too fast to be explained by purely inorganic mechanisms, biological catalysis is often inferred.
Several studies of manganese oxidation by such geochemical approaches have led to the conclusion that biological catalysis must be occurring (Emerson et al. 1979; Wollast et al. 1979) . Further studies by a combined microbiological and geochemical approach (Emerson et al. 1982) confirmed 1247 that the rates observed in nature were due to bacterial activity. Thus, even though adsorption and autocatalytic oxidation of manganese occurs (Morgan 1967; Wilson 1980; Kessick and Morgan 1975; Sung and Morgan 198 l) , at least in some situations the driving force in the transformation of manganese is bacterial catalysis. We report here kinetic analyses of manganese binding (we use the word "binding" because oxidation has not always been proven) in two stratified fjords.
Saanich Inlet is a fjord on the southeast side of Vancouver Island, B.C., with a maximum depth of 220 m and a sill depth of 70 m. Water is trapped behind the sill during late winter and summer when the basin stratifies, becoming anoxic below about 130 m for about 6 months until dense oxygenated water overflows the sill in the fall due -500 to +50
-650 to -200 to strong coastal upwelling (Anderson and Devol 1973; Richards 1965) . Several recent publications concern the redox chemistry of this system (Emerson et al. 1982; Jacobs and Emerson 1982) . We describe here results from the continued microbiological investigations of the particulate layer in Saanich Inlet during a cruise on the RV Alphq Helix in May 1981.
Framvaren Fjord is on the southern tip of Norway and has a very shallow sill (2 m) and a maximum depth of 183 m. It is permanently stratified, with the oxic/anoxic interface occurring in the euphotic zone at around 17 m (Skei 1983a) . Sediment profiles indicate that the fjord has been stratified for at least the last 100-l 50 years (Skei 1983b ). This environment thus provides an ideal situation in which to examine the role of bacteria in catalyzing Mn(I1) and Co(I1) binding and to test for the binding of these metals by photosynthetic organisms. We studied this basin in August 198 1.
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Materials and methods
Analytical methods-Oxygen concentrations were measured by the method of Broenkow and Cline (1969) and hydrogen sulfide by the spectrophotometric method of Cline (1969) . Dissolved Mn(I1) was determined by the formaldoxime method of Brewer and Spencer (197 1) in samples that had been pressure-filtered (nitrogen) through 0.4~pm Nuclepore membrane filters. Dissolved Co(I1) was determined by zinc APDC coprecipitation and atomic adsorption spectroscopy. Particulate Mn and Co (retained on 0.4-pm Nuclepore filters) were analyzed by neutron activation analysis. Since several independent casts gave low particle recoveries on the closely spaced profile presented here (due to leakage around the filters) the data for particulate Mn and Co are presented as Mn:Al and Co:Al ratios. The oxidation state of the particulate manganese was determined with a modified Winkler iodometric titration (Carpenter 1965; Balistrieri and Murray 1982; Kalhorn and Emerson 1984 Metal-binding experiments-The catalysis of metal precipitation by bacteria was tested for by incubating water samples with a radioactive tracer in the presence and absence of poisons, filtering aliquots as a function of time through 0.2~pm membrane filters, and measuring the percentage of radioactivity trapped by the filters. The poisons used in the metal-binding experiments were selected on the basis of experiments showing that they did not interfere in the chemistry of manganese. The criteria that established this were that the poisons did not interfere in the adsorption of Mn(I1) onto synthetic manganates (6Mn02), did not cause desorption of Mn(I1) that had been preadsorbed to synthetic manganates, did not solubilize synthetic manganates (Tebo 1983; Rosson et al. 1984) , and did not interfere with the adsorption of Mn onto sonicated Mn-rich particles from Saanich Inlet (Emerson et al. 1982) .
Water samples collected from various depths by Go-Flo or TPN Hydro-Bios bottles were incubated with gamma-emitting 54Mn(II), 57Co(II), or 5gFe(III) (New England Nuclear). Aerobic ("air saturation") incubations were in polystyrene or polypropylene tubes or bottles. For "in situ" measurements, 60-ml serum bottles (Wheaton) with aluminum crimpseal caps and Teflon silicon liners (Pierce) were pretreated with Surfasil (Pierce) to minimize adsorption on the walls, Surfasil-coated glass beads (3-mm diameter) were placed in the bottles to allow proper mixing of the incubation mixtures, and the bottles were flushed with three volumes of water from the Hydro-Bios bottle and capped either without an airspace or with a 25% by volume airspace. Poisons were then added to some of the tubes or bottles.
For the in situ oxygen experiments the poisons were first sparged with nitrogen gas to remove as much of the oxygen as possible. Syringes with needles were used to inject the poisons into the bottles with a second needle inserted to allow water to escape. The experiments were initiated by adding the carrier-free radioactive substrate to a specific activity that would result in about lo5 cpm per subsample volume (the exact activity was different from experiment to experiment). The air saturation experiments were incubated at 16"-18°C. For the in situ incubations, the serum bottles were placed horizontally in perforated Plexiglas chambers, tethered to a buoy weighted at the bottom, and placed at the depth at which the water was originally sampled. The buoy array was then released and allowed to float freely in the fjord. Subsamples were removed at various times and filtered in duplicate or triplicate through 0.2~pm membrane filters (Gelman) and washed by filtering 5-25 times the subsample volume with prefiltered (0.2 pm) seawater. In the in situ experiment subsamples were removed by syringe, the volume replaced with nitrogen gas, and the bottles returned to the appropriate depth. Filters and filtrates were counted with a Beckman Biogamma II counter, and the percentages of the radioactivity trapped on the filters as a function of time was determined. In addition, subsamples from all incubations (without filtering) were taken for direct measurement of total radioactivity to ensure complete recovery of the added label. On the few occasions (< 10% of the determinations) when the replicate analyses were not in good agreement, which was usually apparent from the percentage recovered, the percentage of the bound radioactivity was calculated as the difference between the filtrate counts and the total counts.
Inhibitors and other reagents-Azide was made up as a 10% stock solution in distilled water and added to a final concentration of 0.1%. DCMU (dichlorophenyl dimethylurea) was prepared as a saturated solution in distilled water and was added to a concentration of 1% of the saturated solution concentration (based on the solubility of DCMU in water, the final concentration was about 0.2 PM). We did dark incubations in bottles that had been taped with several layers of black plastic electrician's tape. We used 1 mM 54MnC12.4H20 and 0.36 mM CoSO, . 7H20 stock solutions. Our 54MnC12, 57CoC12 (both carrier-free) and 5gFeC13 (45.4 mCi* mg-') came from New England Nuclear and were diluted in distilled water to give stock solutions of 0.2 mCi.mlll. incubations were conducted under air saturation conditions with water that was initially anoxic. Some unknown chemical mechanism partially inhibited by azide could erroneously suggest biological activity. However, in various experiments under both aerobic (Tebo 1983 ) and anaerobic (Burdige 1983) conditions, azide has not been observed to interfere in manganese chemistry.
Results and discussion

Fe(III) is precipitated rapidly in seawater
The time-course of Mn(II), Co(II), and Fe(III) removal is shown in Fig. 5 for incubations of water taken from 115 m under air saturation conditions. Since the Co(I1) concentrations were below the detection limit (0.3 nM) the data are plotted as the percentage of radioisotope bound vs. time so that direct comparisons can be made between the different metals. The results indicate that 57Co(II) and 54Mn(II) binding is lower in the presence of the poison, whereas the 5gFe(III) removal is unaffected by azide. % TRANSMISSION and the rate is apparently not significantly influenced by biological activities. That the azide did not interfere in this autocatalytic process provides further evidence that it is not interfering in the chemical processes controlling precipitation of these metals. The effect of oxygen on the 54Mn(II) binding was also tested in incubations of water from 115 m: air saturation was compared with limiting oxygen (in situ conditions). The results shown in Fig. 6 show clearly that when oxygen is limiting, very little, if any, Mn(I1) is bound, suggesting that molecular oxygen, which is probably rapidly depleted in the incubations where no air was introduced, is the substrate for the microbially catalyzed Mn(I1) binding, and nitrate, although present at a significant concentration in this 115-m water (Fig. 2) , does not serve as an alternate electron acceptor for this microbial Mn(I1) binding. chloride complexes. The results indicate that cobalt is supersaturated with respect to a-COS (KS1 = 10-7.4) between 20 and 40 m depth (IAP = 10-6.2 to 10-6.5). Manganese is undersaturated with. respect to alabandite (KS1 = 10-".4) and haurite (K,, = 10-1.6); however a nearly constant. manganese sulfide IAP ( 10-2.7) is maintained throughout the anoxic water column. This can be explained either by the presence of an unknown manganese sulfide phase of undocumented thermodynamic properties or by the existence of manganese as a trace component in solid solution with another sulfide phase. The latter possibility is supported by the measurement of low levels of manganese in framboidal pyrite. Details of these calculations and discussion are given elsewhere (Jacobs et al. 1985) . The interface is characterized by a high concentration of particulates, clearly identifiable in the profile of light transmission. The light scattering at this interface is due to a combination of large numbers of bacteria and inorganic particulates (Skei 1983a, b) . Metal-binding experiments in Framvaren Fjord-A profile of 54Mn(II) binding as a function of depth is shown in Fig. 9 for air saturation conditions. Significant binding occurred only at 16 and 18 m and was inhibited by azide. Although the incubations were aerobic, no Mn(I1) was bound at 20 m, suggesting that the azide-inhibited Mn(I1) binding at 180 m in Saanich Inlet (Fig. 4) was not an artifact of chemical processes.
In situ 54Mn(II)-binding experiments in bottles with a 25% by volume air phase (air saturation) were compared with bottles to which no exogenous air was introduced (in situ 0,). Azide inhibited the binding activ-ity in all cases, and the fastest rates occurred at 17 m (Fig. 10) . It is important to note that in these experiments the initial time point was taken 0.2-0.3 h after the addition of the label and that the PM Mn(II)-bound scales are different for each depth. In the 16-and 18-m samples, much faster rates were observed under conditions of air saturation, as would be expected if oxygen were limiting in the in situ O2 incubations. In the 17-m water samples, where the rates were fastest, presumably because of dense microbial Mn(II)-binding activity, there was less of a difference between the air saturation and oxygen-limiting incubations. Since the apparent binding rate at 17 m was very rapid, a significant amount of Mn(I1) was bound in both the low oxygen and air saturation incubations before the first filtration could be performed. We believe that the differences in the amount of Mn(I1) bound by the time the initial filtrations were performed reflect the effect of oxygen tension on the measured binding rate at this depth. The fact that approximately all the Mn(I1) eventually is bound in both incubations may be attributed to high numbers or activities of Mn(II)-binding organisms. Unfortunately, we did not anticipate this extremely fast rate; a shorter time-course of Mn(I1) binding would have provided a more accurate estimation of the binding rate.
Since the 02/H2S interface occurs in the euphotic zone, dark incubations and DCMU were used in these in situ experiments to test for possible involvement of photosynthetic organisms in the metal binding (Fig.  10) . For the 16-and 17-m depths photosynthetic organisms made no apparent contribution to the Mn(I1) binding, while at 18 m under air saturation conditions about 60% of the Mn(I1) binding was inhibited by DCMU or incubation in the dark. This inhibition is apparently due to the blockage of oxygenic photosynthesis (cyanobacteria), since DCMU inhibits only oxygenic, and not anoxygenic, photosynthesis. Although these results should be considered preliminary as time did not permit repeating the experiments in more detail, each data point is the average of three separate filtrations and determinations of the percentage bound.
A profile of Co(I1) binding as a function of depth is shown in Fig. 11 for air saturation conditions. Co(I1) binding was greatest at 16 and 20 m. These incubations were performed with the same water used in the 54Mn(II)-binding profile (Fig. 9 ) so the results are directly comparable. The binding at 16 m correlates well with the maximum in particulate
Mn and the activities of Mn(II)-precipitating bacteria. The binding at 20 m, which appears to be at least partially biological (i.e. it is inhibited to some extent by azide) is difficult to explain because it represents an air saturation experiment with previously anoxic water. This point corresponds to the peak in particulate Co concentration (presumably as a sulfide, Fig. 7) .
The time-course of Co(I1) binding in these experiments is shown in Fig. 12 . While the total amount of Co(I1) bound was about the same at 16 m in both the presence and absence of azide, the rate of binding was inhibited by the azide. We interpret this as an indication that binding at 16 m is due both to the adsorptive properties of the partic- TIME (h) TIME (h) Fig. 10 . Time-course of 54Mn(II) bound in situ in Framvaren Fjord (bottles were suspended at the same depth in the water column from which the water was collected) under conditions of air saturation and conditions in which no exogenous air was introduced (in situ oxygen tension; since these incubations were performed in closed bottles, oxygen is being depleted). In situ oxygen concentrations were initially 18 pmol.liter-l (16 m), not analyzed (17 m), and below a detection limit of 0.7 bmol*liter-' (18 m). No additions-O; f azide-0; dark incubation-Q + DCMU-0.
ulates and to the activities of bacteria, most ring. Since the 20-m depth is anaerobic and likely Mn(II)-binding or -oxidizing organisms. At 20 m there was an initial azidesulfide concentrations are high, it is likely that even though the experiments were carsensitive rapid binding followed by a slow ried out aerobically (i.e. no measures were dissolution of the precipitate, indicating that taken to exclude air) the water remained something unrelated to oxidation is occuranaerobic for a considerable length of time (several hours), resulting in the precipitation of Co which later returns to solution. Since Mn(I1) was not precipitated in an analogous manner (and no particulate Mn was observed below the 02/H2S interface) the behavior of Co and Mn in these samples must be subject to different mechanisms or solubilities which control their distributions.
As was the case with 54Mn(II) binding, 57Co(II) binding at 17 m was not inhibited in dark incubations or by the addition of DCMU (data not shown). Thus, photosynthetic organisms make no contribution to the Co(I1) precipitation in the region just above the Oz/H2S interface in Framvaren Fjord.
To test whether Mn(I1) and Co(I1) binding were correlated, we measured the binding of these metals with various additions of Mn(I1) or Co(I1) under aerobic conditions for water samples collected at 17 m. An increase in the Mn(I1) concentration of 10 PM [resulting in a three-fold increase in Mn(II)] severely inhibited the rate and amount of Mn(I1) bound (Fig. 13A) . The inhibition of bacterial Mn(I1) oxidation by high concentrations of Mn(I1) has been observed in both laboratory cultures (Leeper and Swaby 1940; Bromfield 1956; Brom- field and David 1976; Uren and Leeper 1978) and field studies (Chapnick et al. 1982) . Our experiments are consistent with these observations and make a strong argument in favor of bacterial catalysis; if the reaction were due purely to chemical processes, a high Mn(I1) concentration should actually enhance the reaction rate. The 57Co(II) binding (Fig. 13B) , on the other hand, was stimulated by a 1 PM addition of Mn(II), whereas a 10 PM addition [a threefold increase in Mn(I1) concentration] completely inhibited the Co binding. These results are consistent with the hypothesis that Co removal is due to Mn-oxidizing bacteria since the high Mn(I1) concentrations also inhibited Mn(II) binding (Fig. 13A) . However, when additions of Co(I1) were made (25-fold-250-fold above the ambient concentration), Co binding was completely inhibited (Fig. 13B) , while there was less of an effect on the 54Mn(II) binding. If the high concentrations of Co(I1) were inhibiting the Mn bacteria in the Co-binding experiments, then we would also expect the Co to inhibit the Mn binding. A possible explanation of the data, but one that must be further tested, is that cobalt precipitation is mediated, at least in part, by different bacteria.
Conclusions
The potential of bacteria to catalyze Mn(I1) oxidation in a region just above the O,/H,S interface was examined in two fjords that are different in degree of anoxia. In Saanich Inlet the 02/H2S interface occurs below the photic zone; in Framvaren Fjord, bacteria. Thus, chemical and microbiological processes affect manganese and cobalt differently and result in a geochemical separation of the two metals across oxic/anoxic interfaces.
